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AN ANALYSIS OF THE PERFORMANCE 

AND SPACE STORAGE CHARACTERISTICS OF 

SMALL PROPANE-FLOX UPPER STAGES 

Harold H. V a l e n t i n e  
David A .  Turner 
Jon C .  Oglebay 

SUMMARY 

The u s e  o f  hydrogen i n  r o c k e t  s t a g e s  p o s e s  a s i g n i f i c a n t  i n s u l a -  
t i o n  problem f o r  m i s s i o n s  i n v o l v i n g  space  s t o r a g e  time's g r e a t e r  t h a n  
a f e w  hour s .  There i s  a g r e a t  l a c k  of  i n f o r m a t i o n  r e g a r d i n g  b o t h  t h e  
d i s t r i b u t i o n  o f  incoming h e a t  i n  a hydrogen t a n k  i n  z e r o  g and t h e  
weight p e n a l t i e s  a s s o c i a t e d  w i t h  z e r o  g p r o p e l l a n t  v e n t i n g  d e v i c e s  f o r  
l o n g  c o a s t  m i s s i o n s .  This l a c k  of i n f o r m a t i o n  h a s  i n c r e a s e d  i n t e r e s t  
i n  less e n e r g e t i c ,  b u t  more space  s t o r a b l e ,  p r o p e l l a n t  combina t ions .  

The purpose  o f  t h i s  s t u d y  was t o  examine one such  combination, 
p ropane - f lox ,  f o r  u s e  i n  a mul t i -pu rpose  upper s t a g e  i n  o r d e r  t o :  
(1) de te rmine  i t s  space  s t o r a g e  c h a r a c t e r i s t i c s  and payload  c a p a b i l i t y ,  
and (2) compare i t s  performance c a p a b i l i t y  w i t h  t h a t  o f  o t h e r  p r o p e l -  
l a n t  combina t ions .  

The r e s u l t s  o f  t h e  s t u d y  i n d i c a t e  t h a t  it i s  p o s s i b l e  t o  d e s i g n  a 
p ropane - f lox  s t a g e  hav ing  a long  space  s t o r a g e  (no v e n t )  c a p a b i l i t y .  
The per formance  of  such  a s t a g e ,  however, i s  i n f e r i o r  t o  hydrogen 
f u e l e d  s t a g e s  f o r  h i g h  energy, s h o r t  c o a s t  mi s s ions .  
low ene rgy  mis s ions ,  s p e c i f i c a l l y  t h e  Mars o r b i t e r  mi s s ion  i n v e s t i g a t e d  
h e r e i n ,  the p ropane - f lox  s t a g e  d i s p l a y e d  o n l y  a s m a l l  performance 
advan tage  ove r  an  e a r t h  s t o r a b l e  s t a g e .  

For l o n g  c o a s t ,  

INTRODUCTION 

Up t o  the p r e s e n t  t i m e ,  most s p a c e  m i s s i o n s  have  been accomplished 
u t i l i z i n g  l aunch  vehicles i n c o r p o r a t i n g  upper s t a g e s  t h a t  employ e i the r  
s o l i d  o r  " e a r t h  s t o r a b l e "  p r o p e l l a n t s .  However, a s  t h e  demands on pay- 
l o a d  s i z e  and/or mis s ion  energy  i n c r e a s e ,  it i s  a p p r o p r i a t e  t o  c o n s i d e r  
more e n e r g e t i c  upper s t a g e s .  This  i s  e v i d e n t  i n  t h e  c u r r e n t  development 
of the Centaur,  S - I n ,  and S-I1 s t a g e s ,  a l l  o f  which a r e  des igned  t o  u s e  
the c r y o g e n i c  p r o p e l l a n t  combination hydrogen-oxygen. 

The use of hydrogen i n  r o c k e t  s t a g e s  p o s e s  a s u b s t a n t i a l  i n s u l a -  
t i o n  problem f o r  m i s s i o n s  i n v o l v i n g  p r o p e l l a n t  space  s t o r a g e  times 
g r e a t e r  t h a n  a f e w  hour s .  For s h o r t  d u r a t i o n  mis s ions ,  t h e  h e a t  t r a n s f e r  

TM X-52280 



2 

th rough  the  i n s u l a t i o n  and t a n k  s u p p o r t s  can be absorbed  by b u l k  
h e a t i n g  of  the  hydrogen. However, a s  miss ion  t imes i n c r e a s e ,  a p o i n t  
i s  reached  where b u l k  h e a t i n g  must be t e r m i n a t e d  ( e i t h e r  t h e  hydrogen 
d e n s i t y  d e c r e a s e  h a s  absorbed  a l l  o f  the  t a n k  u l l a g e  volume o r  the  
vapor  p r e s s u r e  of  the  hydrogen reaches the  maximum a l l o w a b l e  t a n k  
p r e s s u r e )  and t a n k  ven t ing ,  e i ther  con t inuous  o r  p e r i o d i c ,  must beg in  

Once v e n t i n g  beg ins ,  the  pr imary  concern is i n s u r i n g  t h a t  gaseous,  
n o t  l i q u i d ,  p r o p e l l a n t  i s  ven ted  overboard.  T h i s  imposes the r e q u i r e -  
ment f o r  a p o s i t i v e  p r o p e l l a n t  c o n t r o l  system t h a t  m a i n t a i n s  the 
u l l a g e  bubble  a t  t he  t a n k  v e n t  l o c a t i o n .  Both p a s s i v e  and a c t i v e  
p r o p e l l a n t  c o n t r o l  systems have been proposed f o r  u s e  d u r i n g  z e r o  g 
f l i g h t .  A t  the  p r e s e n t  t i m e ,  i n s u f f i c i e n t  expe r i ence  h a s  been o b t a i n e d  
w i t h  any non-propuls ive  p r o p e l l a n t  p o s i t i o n i n g  d e v i c e  w i t h  c ryogen ics  
t o  a c c u r a t e l y  de te rmine  i t s  e f f e c t i v e n e s s  and i t s  a s s o c i a t e d  vehicle  
system weight p e n a l t y .  

Fu tu re  expe r i ence  may prove  some of  these d e v i c e s  t o  be e f f e c t i v e  
and l ightweight .  If ,  however, t h e  weight p e n a l t i e s  a s s o c i a t e d  w i t h  
p r a c t i c a l  systems a r e  s u b s t a n t i a l ,  t h e n  f o r  some mis s ions  the u s e  of a 
less  e n e r g e t i c  p r o p e l l a n t  combination, which does n o t  r e q u i r e  v e n t i n g ,  
may p r o v i d e  e q u a l  o r  b e t t e r  payload c a p a b i l i t y  o r  g r e a t e r  mi s s ion  
r e l i a b i l i t y .  For t h e s e  r e a s o n s ,  an a n a l y s i s  was conducted t o  de te rmine  
the  s t a g e  c h a r a c t e r i s t i c s  and payload c a p a b i l i t y  o f  an unvented upper  
s t a g e  u t i l i z i n g  the p r o p e l l a n t  combinat ion propane- f lox .  

For the p a s t  s e v e r a l  y e a r s ,  the  Lewis Research  Center  h a s  been 
i n v e s t i g a t i n g  high energy  upper s t a g e s  f o r  unmanned s c i e n t i f i c  m i s s i o n s .  
The purpose  of  t h a t  work h a s  been t o  de te rmine  t h e  f e a s i b i l i t y  of  
deve lop ing  one, mul t i -purpose ,  h igh  energy  s t a g e  t h a t  cou ld  s e r v e  a 
v a r i e t y  o f  m i s s i o n s  r a t h e r  t h a n  developing  a v a r i e t y  of upper s t a g e s  
t o  serve s p e c i f i c  mis s ions .  Some o f  t h i s  work h a s  been r e p o r t e d  i n  
r e f e r e n c e  1 (TMX-52127). Based on these s t u d i e s ,  a 7000-pound hydrogen- 
oxygen s t a g e  u s i n g  an RL-10 engine  ( w i t h  the c a p a b i l i t y  of s u b s t i t u t i n g  
f l u o r i n e  a t  a l a t e r  d a t e )  h a s  been i d e n t i f i e d  a s  a d e s i r a b l e  upper s t a g e  
f o r  both long  c o a s t  and s h o r t  c o a s t  mi s s ions .  

C u r r e n t l y ,  most of  the  mis s ions  env i s ioned  f o r  the high energy  s t a g e  
do n o t  have a l o n g  c o a s t  requi rement ,  so  t a n k  v e n t i n g  w i l l  n o t  be a 
problem. With t h i s  i n  mind, and adhe r ing  t o  the ph i losophy  t h a t  a new 
upper  s t a g e  shou ld  be a mul t i -purpose  v e h i c l e ,  the propane- f lox  s t a g e s  
were e v a l u a t e d  f o r :  (1) a h i g h  energy s h o r t  c o a s t  miss ion  ( s o l a r  probe)  
and (2) a l o n g  c o a s t  miss ion  (220-day p l a n e t a r y  o r b i t e r  mi s s ion  where a 
deep-cryogenic  s t a g e  would have t o  be v e n t e d ) .  The a n a l y s i s  emphasized 
p r o p e l l a n t  management problems t o  de te rmine  i f  v e n t i n g  could  be avoided  
t h r o u g h  t h e  use  o f  propane- f lox .  NASA, f o r  some t ime,  h a s  been i n v e s t i -  
g a t i n g  e x p e r i m e n t a l l y  the performance of  v a r i o u s  l i g h t  hydrocarbon f u e l s  
w i t h  f l o x  mix tu res .  From t h i s  work, it appea r s  t h a t  methane i s  t h e  b e s t  
c h o i c e  f o r  u se  i n  a comple te ly  t r a n s p i r a t i o n  cooled  engine  whereas  
p ropane  o r  bu tene  1 d i s p l a y  advantages  i n  an engine  u s i n g  combined 
r e g e n e r a t i v e  and t r a n s p i r a t i o n  coo l ing .  
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Propane, which i s  dense r  and h a s  a wider  l i q u i d  t e m p e r a t u r e  r ange  
t h a n  methane, was s e l e c t e d  f o r  t h i s  s t u d y .  P a r t i c u l a r  c o n s i d e r a t i o n  
was g iven  t o  s t a g e  c o n f i g u r a t i o n ,  eng ine  t h r u s t ,  p r e s s u r i z a t i o n  and 
p r o p e l l a n t  i n s u l a t i o n  r equ i r emen t s .  Having op t imized  the c h a r a c t e r i s -  
t i c s  o f  t h e  p ropane - f lox  s t a g e ,  i ts  payload  c a p a b i l i t i e s  f o r  the  above 
two m i s s i o n s  were de te rmined  and compared t o  t h o s e  o f  deep c r y o g e n i c  
s t a g e s  and an e a r t h  s t o r a b l e  s t a g e  u s i n g  t h e  MMH-N 0 combina t ion .  2 4  

STAGE DESIGN 

C o n f i g u r a t i o n s ,  S t r u c t u r e s  and M a t e r i a l s  

A s t r u c t u r a l  d e s i g n  s t u d y  of  the propane- f lox  s t a g e  was unde r t aken  
i n  o r d e r  t o  e s t i m a t e  s t a g e  s t r u c t u r a l  we igh t s  f o r  per formance  c a l c u l a -  
t i o n s  and t o  se lec t  a f e a s i b l e  c o n f i g u r a t i o n  based  on s t a g e  i n e r t  
weight ,  p r o p e l l a n t  h e a t i n g ,  s t a g e  l e n g t h  and s t r u c t u r a l  i n t e g r i t y .  To 
minimize s t a g e  i n e r t  weight ,  a s t a g e  c o n f i g u r a t i o n  o f  low s t r u c t u r a l  
weight  was t h e  f irst  des ign  g o a l .  The second des ign  g o a l  was t o  m i n i -  
mize the h e a t  f l u x  conducted through t h e  t a n k  s u p p o r t s  t o  the 
p r o p e l l a n t s  t o  an  a c c e p t a b l e  l e v e l  so t h a t  t a n k  v e n t i n g  would n o t  be 
r e q u i r e d .  The des ign  o f  a compact s t a g e  of  low o v e r a l l  h e i g h t  was the 
t h i r d  d e s i g n  g o a l .  A compact des ign  h e l p s  t o  a s s u r e  minimum s t r u c t u r a l  
weight and t h e  low o v e r a l l  s t a g e  l e n g t h  minimizes l aunch  v e h i c l e  i n t e -  
g r a t i o n  problems s i n c e  t h e  a d d i t i o n  of a l o n g  upper body t o  an e x i s t i n g  
l a u n c h  v e h i c l e  cou ld  a g g r a v a t e  t h e  f l i g h t  l o a d s  o r  r e s u l t  i n  r educed  
l aunch  a v a i l a b i l i t y .  The f o u r t h  g o a l ,  s t r u c t u r a l  i n t e g r i t y ,  i s  a 
q u a l i t a t i v e  judgment t h a t  was a p p l i e d  t o  t h e  e v a l u a t i o n  of  a l l  proposed 
c o n f i g u r a t i o n s .  The p r imary  f a c t o r s  c o n s i d e r e d  were t h r u s t  l o a d  p a t h s  
and t a n k  s u p p o r t .  

A l l  o f  t h e  proposed  c o n f i g u r a t i o n s  were c o n s t r a i n e d  t o  a 120- inch  
maximum o u t s i d e  d i ame te r .  I n s p e c t i o n  o f  p o t e n t i a l  m i s s i o n s  i n d i c a t e d  
t h a t  a k i c k  s t a g e  would u s u a l l y  f l y  o f f  t h e  Centaur v e h i c l e  so  a 120- 
i n c h  d i a m e t e r  s t a g e  would be  d e s i r a b l e  f o r  t r a n s m i t t i n g  l o a d s  t o  t h e  
Centaur  forward  s u p p o r t  r i n g  ( s t a t i o n  219 r i n g ) .  The Centaur and 
p ropane - f lox  s t a g e s  a r e  cons ide red  a s  upper s t a g e s  f o r  the  A t l a s  and 
S a t u r n  I B  b o o s t  v e h i c l e s .  The l o a d s  from a 120- inch  d i ame te r  s t a g e  
would be t r a n s f e r r e d  t o  the Centaur by  p r i m a r i l y  a x i a l  components. Use 
of a l a r g e r  d i ame te r  cou ld  induce  r a d i a l  l o a d s  on t h e  Centaur,  and 
t h i s  i s  n o t  d e s i r a b l e  f o r  the p r e s s u r i z e d ,  t h i n - s h e l l  Centaur s t r u c t u r e .  
Also, a s t a g e  d i ame te r  o f  more t h a n  1 2 0  i n c h e s  would r e q u i r e  a bu lbous  
upper  body and r e s u l t  i n  i n c r e a s e d  f l i g h t  l o a d s  f o r  f l i g h t  on t h e  A t l a s -  
Cen tau r .  

C o n s i d e r a t i o n  of t h e  d e s i g n  g o a l s  and c o n s t r a i n t s  l e d  t o  two b a s i c  
s t a g e  c o n f i g u r a t i o n s .  For each  s t a g e  c o n f i g u r a t i o n ,  b o t h  pump-fed and 
p r e s s u r e - f e d  e n g i n e  c o n f i g u r a t i o n s  were s t u d i e d .  These c o n f i g u r a t i o n s  
a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  pa rag raphs .  

Four Sphere  C o n f i g u r a t i o n  

The proposed  f o u r  s p h e r e  c o n f i g u r a t i o n  f o r  a 6000-pound p r o p e l l a n t  
l o a d  and a 5000-pound t h r u s t  pump-fed eng ine  i s  shown i n  f i g u r e  1. 



4 

The p r o p e l l a n t  sys tem c o n s i s t s  of two s p h e r i c a l  f u e l  t a n k s  and two s p h e r i -  
c a l  o x i d a n t  t a n k s  c l u s t e r e d  around the eng ine .  The s t o r a g e  o f  e a c h  
p r o p e l l a n t  i n  two t a n k s  would r e q u i r e  man i fo ld ing  o f  t h e  p r o p e l l a n t  
f e e d  l i n e s .  The t a n k s  would be i n s u l a t e d  w i t h  m u l t i l a y e r  i n s u l a t i o n  and 
suppor t ed  from t h e  s t r u c t u r e  by c y l i n d r i c a l  f i b e r g l a s s  s u p p o r t s  t o  
r educe  h e a t  f l u x  i n t o  t h e  p r o p e l l a n t s .  A h i g h  s t r e n g t h  weldable  alumi- 
num a l l o y ,  2219-T81, was s e l e c t e d  f o r  t h e  t a n k  m a t e r i a l .  

The c o n f i g u r a t i o n  i s  a compact d e s i g n  o f  o n l y  85 i n c h e s  o v e r a l l  
l e n g t h .  Thus, t h e  l e n g t h  o f  e x i s t i n g  l aunch  v e h i c l e s  would n o t  be  
g r e a t l y  i n c r e a s e d  by t h e  a d d i t i o n  o f  t h i s  k i c k  s t a g e .  The s t a g e  t o t a l  
weight  i s  e s t i m a t e d  a t  7400 pounds and the mass f r a c t i o n  i s  0.81. A 
complete s t a g e  weight  summary i s  shown i n  Table  I .  The weight  summary 
p r e s e n t e d  i n  Table  I (a s  w e l l  a s  i n  succeed ing  t a b l e s )  i n c l u d e s  we igh t  
e s t i m a t e s  f o r  guidance ,  e l e c t r i c a l ,  a t t i t u d e  c o n t r o l ,  t e l e m e t r y ,  
t r a c k i n g  and r a n g e  s a f e t y  sys tems.  These sys tem we igh t s  were based  on 
t h o s e  r e p o r t e d  i n  r e f e r e n c e  1 w i t h  some m o d i f i c a t i o n s  t o  r e f l e c t  recent  
d e s i g n  e f f o r t .  

A s i g n i f i c a n t  s t r u c t u r a l  des ign  f e a t u r e  of  the s t a g e  i s  the c r u c i -  
form beam which forms t h e  t h r u s t  s t r u c t u r e  and p r o v i d e s  p r i n c i p a l  
s u p p o r t  o f  t h e  t a n k s .  The beam i s  a b u i l t - u p  s e c t i o n  o f  a i r c r a f t  t y p e  
c o n s t r u c t i o n .  The c ruc i fo rm beam a l s o  s u p p o r t s  the engine  a c t u a t o r s ,  
he l ium p r e s s u r i z a t i o n  b o t t l e ,  and the c o l d  n i t r o g e n  g a s  a t t i t u d e  con- 
t r o l  b o t t l e s .  Each p r o p e l l a n t  t a n k  i s  a l s o  suppor t ed  by  the 120-inch 
o u t s i d e  d i ame te r  r i n g  t h a t  connec t s  the q u a d r a n t s  formed by the beam. 
Thus, the  beam and r i n g  form a "spoked wheel" t h a t  s u p p o r t s  a l l  t h e  
s t a g e  components and t r a n s m i t s  t h e  eng ine  t h r u s t  t o  t h e  payload  a d a p t e r  
The s t r u c t u r a l  m a t e r i a l ,  l i k e  t h e  f u e l  t a n k s ,  i s  2219-T81 aluminum 
a l l o y  ( t h e  use o f  beryllium-nickel was assumed f o r  t h e  f l o x  t a n k s ) .  
The t o t a l  s t r u c t u r a l  weight  i s  e s t i m a t e d  a t  250 pounds. A d e t a i l e d  
s t r u c t u r a l  weight  summary i s  given i n  Table  11. 

S t a g e  weight  and mass f r a c t i o n  e s t i m a t e s  were a l s o  made a t  3000 and 
9000 pound p r o p e l l a n t  l o a d s  f o r  t h e  pump-fed eng ine  c a s e .  The d e s i g n  
p r o c e s s  was t h e n  r e p e a t e d  f o r  t h e  p r e s s u r e - f e d  eng ine  c a s e  a t  the  same 
3 ,  6, and 9K p r o p e l l a n t  l o a d s .  The r e s u l t s  of these weight  e s t i m a t e s  
a r e  p r e s e n t e d  a s  j e t t i s o n  weight  cu rves  i n  f i g u r e s  2 and 3 .  The j e t t i -  
son  w e i g h t  c u r v e s  were then used t o  s t u d y  performance and optimum 
p r o p e l l a n t  l o a d i n g .  

Comparison o f  t h e  f o u r  sphe re  c o n f i g u r a t i o n  w i t h  t h e  d e s i g n  g o a l s  
shows t h e  s t a g e  l e n g t h  g o a l  h a s  been m e t .  The s t a g e  i s  v e r y  compact 
and t h e  t a n k s  a r e  n o t  used a s  s t r u c t u r a l  members. The d e s i g n  g o a l s  o f  
low s t a g e  i n e r t  weight  and z e r o  p r o p e l l a n t  b o i l o f f  have n o t  been m e t  
i n  a c o m p l e t e l y  s a t i s f a c t o r y  manner. The mass f r a c t i o n  o f  0 .81  f o r  t h e  
6K pump-fed c a s e  i n d i c a t e s  c o n s i d e r a b l e  s t r u c t u r a l  weight .  Thermal 
a n a l y s i s  shows t h e  c o n f i g u r a t i o n  would a l l o w  e x c e s s i v e  h e a t  f l u x  i n t o  
t h e  f l o x  f o r  l o n g  d u r a t i o n  mis s ions .  For example, on a Mars o r b i t e r  
m i s s i o n ,  t h e  f l o x  b o i l o f f  w i t h  one i n c h  of m u l t i l a y e r  i n s u l a t i o n  on the 



f l o x  t a n k s  would be 5 0  pounds. I n c r e a s i n g  the i n s u l a t i o n  t h i c k n e s s  
t o  t h r e e  i n c h e s  would o n l y  r educe  t h e  b o i l o f f  by 4 t o  46 pounds. T h i s  
b o i l o f f  o f  p r o p e l l a n t  and subsequent  t a n k  v e n t i n g  a r e  n o t  c o n s i s t e n t  
w i t h  t h e  d e s i g n  g o a l s .  I n  summary, it is concluded  t h a t  t h e  proposed  
f o u r  s p h e r e  c o n f i g u r a t i o n  i s  n o t  an a t t r a c t i v e  c o n f i g u r a t i o n  f o r  t h e  
propane- f lox  p r o p e l l a n t  combination. 

Two O b l a t e  Sphero id  C o n f i g u r a t i o n  

The proposed two o b l a t e  sphe ro id  c o n f i g u r a t i o n  f o r  a 6000-pound 
p r o p e l l a n t  l oad  and a 5000-pound t h r u s t  pump-fed eng ine  i s  shown i n  
f i g u r e  4. This c o n f i g u r a t i o n  was developed p r i m a r i l y  t o  s o l v e  the 
p r o p e l l a n t  b o i l o f f  problem expe r i enced  w i t h  the f o u r  s p h e r e  c o n f i g u r a -  
t i o n .  The LPG would be c o n t a i n e d  i n  t h e  forward t a n k  t h u s  p l a c i n g  the 
r e l a t i v e l y  warmer propane  (300OR) between the room tempera tu re  payload  
and t h e  c o l d e r  (156OR) f l o x  s t o r e d  i n  t h e  a f t  t a n k .  Both t a n k s  would 
be covered  w i t h  i n s u l a t i o n  and be  suppor t ed  from t h e  s t r u c t u r e  by 
f i b e r g l a s s  c y l i n d e r s  t o  r educe  heat  f l u x  i n t o  t h e  c r y o g e n i c  p r o p e l l a n t s .  
Thermal a n a l y s i s  i n d i c a t e s  t h a t  p r o p e l l a n t  v e n t i n g  would n o t  be r e q u i r e d  
f o r  l o n g  d u r a t i o n  mis s ions .  This meets one of  t h e  d e s i g n  g o a l s .  

An a t t r a c t i v e  f e a t u r e  o f  th i s  c o n f i g u r a t i o n  i s  the s imple  p r o p e l l a n t  
f e e d  l i n e s .  A s i n g l e  l i n e  from each t a n k  would supp ly  the eng ine  and 
no man i fo ld ing  would be  r e q u i r e d .  

The c o n f i g u r a t i o n  i s  n o t  a compact d e s i g n  a s  the o v e r a l l  l e n g t h  i s  
142 i n c h e s ;  approx ima te ly  57 inches  l o n g e r  t h a n  t h e  f o u r  s p h e r e  con- 
f i g u r a t i o n .  The l e n g t h  o f  a n  e x i s t i n g  v e h i c l e  would be s i g n i f i c a n t l y  
i n c r e a s e d  by the a d d i t i o n  o f  t h i s  s t a g e  and the v e h i c l e  could  r e q u i r e  
s t r e n g t h e n i n g  t o  m a i n t a i n  p r e s e n t  l aunch  a v a i l a b i l i t y .  The s t a g e  t o t a l  
we igh t  i s  e s t i m a t e d  a t  7315 pounds and t h e  mass f r a c t i o n  i s  0.820. The 
s t a g e  i s  85 pounds l i g h t e r  t h a n  t h e  f o u r  s p h e r e  c o n f i g u r a t i o n .  Less  
i n s u l a t i o n  and s t r u c t u r a l  weight  f o r  t h e  two o b l a t e  s p h e r o i d s  c o n f i g u r a -  
t i o n  a c c o u n t s  f o r  the d i f f e r e n c e .  A complete s t a g e  weight  summary i s  
shown i n  Table  111. 

A s t r u c t u r a l  d e s i g n  f e a t u r e  o f  t h i s  s t a g e  i s  t h e  u t i l i z a t i o n  of 
the o x i d a n t  t a n k  f o r  t r a n s m i t t i n g  t h e  engine  t h r u s t  l o a d  t o  t h e  s t a g e  
t r u s s  s t r u c t u r e .  The t a n k  u l l a g e  p r e s s u r e  would be ma in ta ined  s u f f i -  
c i e n t l y  l a r g e  t o  a s s u r e  t e n s i l e  membrane stresses and t a n k  s t a b i l i t y .  
A p r e s s u r e - s t a b i l i z e d  s t r u c t u r e  i s  an e f f i c i e n t  t e c h n i q u e  f o r  t r a n s -  
m i t t i n g  t h r u s t  l o a d s ,  and t h i s  accoun t s  f o r  t h e  s t r u c t u r a l  weight  
advan tage  of t h i s  s t a g e  compared t o  the f o u r  s p h e r e  c o n f i g u r a t i o n .  I n  
a d d i t i o n ,  the  p r o p e l l a n t  t a n k s  o f  the f o u r  s p h e r e  c o n f i g u r a t i o n  imposed 
a weight p e n a l t y  on t h a t  s t a g e .  
a d e q u a t e  from d e s i g n  c o n s i d e r a t i o n s ;  however, a minimum gage o f  15 m i l s  
was s t i p u l a t e d  due t o  h a n d l i n g  and manufac tu r ing  c o n s i d e r a t i o n s .  

Tank t h i c k n e s s e s  of e i g h t  m i l s  were 

The space  t r u s s  s t r u c t u r e  c o n s i s t s  o f  a forward  and a f t  r i n g  l a c e d  
t o g e t h e r  w i t h  s t r u t  members i n c l i n e d  t o  the v e r t i c a l .  These i n c l i n e d  
s t r u t s  can  t r a n s m i t  a x i a l  and l a t e r a l  l o a d s .  The t r u s s  s t r u c t u r e  
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suppor ts -  t h e  LPG t a n k ,  payload ,  he l ium p r e s s u r i z a t i o n  b o t t l e s ,  and 
o t h e r  equipment. A h i g h  s t r e n g t h  we ldab le  aluminum a l l o y ,  2219-T81, 
was s e l e c t e d  f o r  t h e  t r u s s  s t r u c t u r e  and t h e  propane t a n k  while 
b e r y l l i u m - n i c k e l  was selected f o r  the f l o x  t a n k  and t h r u s t  cone. The 
t o t a l  s t r u c t u r a l  weight  i s  e s t i m a t e d  a t  229 pounds and a d e t a i l e d  
s t r u c t u r a l  weight  summary i s  g iven  i n  Tab le  I V .  

S t a g e  weight  and mass f r a c t i o n  e s t i m a t e s  were a l s o  made a t  3000 
and 9000 pound p r o p e l l a n t  l o a d s  f o r  the pump-fed engine  c a s e .  The 
d e s i g n  p r o c e s s  was t h e n  r e p e a t e d  f o r  t h e  p r e s s u r e - f e d  e n g i n e  c a s e  a t  
t h e  same 3, 6, and 9K p r o p e l l a n t  l o a d s .  The r e s u l t s  of  these weight  
e s t i m a t e s  a r e  p r e s e n t e d  a s  j e t t i s o n  weight  c u r v e s  i n  f i g u r e s  5 and 6 .  
The j e t t i s o n  weight  cu rves  were t h e n  used  t o  s t u d y  performance and 
optimum p r o p e l l a n t  l o a d i n g .  

Comparison o f  t h e  two o b l a t e  s p h e r o i d  c o n f i g u r a t i o n  w i t h  t h e  
d e s i g n  g o a l s  shows the s t a g e  l e n g t h  and s t r u c t u r a l  i n t e g r i t y  g o a l s  
have n o t  been m e t  i n  a comple te ly  s a t i s f a c t o r y  manner. The s t a c k e d  
t a n k  ar rangement  makes f o r  a l e n g t h y  s t a g e  and t h e  use  o f  a p r e s s u r e -  
s t a b i l i z e d  s t r u c t u r e  i s  a more compl ica ted  t e c h n i q u e  t h a n  t h e  c r u c i f o r m  
beam o f  the f o u r  s p h e r e  c o n f i g u r a t i o n .  The des ign  g o a l s  o f  low s t a g e  
i n e r t  weight  and z e r o  p r o p e l l a n t  b o i l o f f  have  been m e t  by t h e  two 
o b l a t e  s p h e r o i d  C o n f i g u r a t i o n .  The mass f r a c t i o n  i s  somewhat be t t e r  
t h a n  t h e  f o u r  s p h e r e  c o n f i g u r a t i o n  and a thermal a n a l y s i s  shows t h a t  
t a n k  v e n t i n g  would n o t  be r e q u i r e d  f o r  l o n g  d u r a t i o n  mis s ions .  Thus, 
each  c o n f i g u r a t i o n  meets some of  t h e  d e s i g n  g o a l s .  S i n c e  the two 
o b l a t e  s p h e r o i d  c o n f i g u r a t i o n  i s  f e a s i b l e  f o r  l o n g  d u r a t i o n  mis s ions ,  
it is  concluded  t h a t  t h i s  c o n f i g u r a t i o n  i s  t h e  more s a t i s f a c t o r y  con- 
f i g u r a t i o n  o f  the two proposed. 

Thermal C o n t r o l  

The p r imary  u n c e r t a i n t y  i n  de t e rmin ing  t h e  non-vented space  s t o r a -  
b i l i t y  o f  a g i v e n  p r o p e l l a n t  combination i s  the d i s t r i b u t i o n  o f  t h e  
h e a t  e n t e r i n g  the p r o p e l l a n t  t a n k s .  If b u l k  h e a t i n g  o f  t h e  l i q u i d  
o c c u r s ,  t h e n  t h e  a l l o w a b l e  space  s t o r a g e  time can  be (depending upon 
t h e  magnitude o f  the h e a t  f l u x  and the maximum a l l o w a b l e  t a n k  p r e s s u r e -  
s e v e r a l  o r d e r s  o f  magnitude l o n g e r  t h a n  i f  a s u b s t a n t i a l  p o r t i o n  of  
the heat  e n t e r i n g  the t a n k  goes  i n t o  v a p o r i z i n g  l i q u i d .  If,  i n s t e a d  
of depending  upon b u l k  h e a t i n g  o f  t h e  l i q u i d ,  the s t a g e  can  be des igned  
so  t h a t  t h e  n e t  h e a t  t r a n s f e r  is ou t  o f  the  p r o p e l l a n t  (sum o f  r a d i a t i o n  
p l u s  conduc t ion  from t h e  t a n k  g r e a t e r  t h a n  sum of  r a d i a t i o n  p l u s  con- 
d u c t i o n  t o  the t a n k )  then ,  the s t a g e  w i l l  be space  s t o r a b l e  e s s e n t i a l l y  
independen t  o f  t i m e .  T h i s  was t h e  approach  t a k e n  i n  t h i s  s t u d y ;  t h a t  is ,  
t o  a r r i v e  a t  a combina t ion  o f  s t a g e  c o n f i g u r a t i o n ,  i n s u l a t i o n ,  and 
p r o p e l l a n t  t e m p e r a t u r e s  such  t h a t  t h e  h e a t  o u t  o f  t h e  t a n k s  was e q u a l  t o  
o r  g r e a t e r  t h a n  the h e a t  i n t o  t h e  t a n k s  r a t h e r  t h a n  t o  depend upon t h e  
h e a t  c a p a c i t y  a v a i l a b l e  i n  warming the p r o p e l l a n t s  from some i n i t i a l  
t o  f i n a l  t e m p e r a t u r e  t o  p r o v i d e  t h e  s t o r a g e  c a p a b i l i t y .  I t  shou ld  be 
n o t e d  t h a t  h a v i n g  adopted  t h i s  approach, p r o v i s i o n  must be made f o r  
e x t r e m e l y  l o n g  c o a s t  m i s s i o n s  t o  i n s u r e  t h a t  p r o p e l l a n t  f r e e z i n g  does 
n o t  o c c u r .  
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When s e l e c t i n g  a t h e r m a l  p r o t e c t i o n  sys tem f o r  l ong  d u r a t i o n  m i s -  
s i o n s  r e q u i r i n g  the s t o r a g e  of c ryogen ic  p r o p e l l a n t s ,  t h e  c h o i c e  of  
m u l t i f o i l  i n s u l a t i o n  o r  a combination o f  m u l t i f o i l  and a n o t h e r  i n s u l a -  
t i o n  ( e .g .  foam) i s  i n e v i t a b l e  because of  t h e  s u p e r i o r  performance o f  
m u l t i f o i l  over  o t h e r  i n s u l a t i o n s .  

However, when it i s  d e s i r a b l e  t o  e l i m i n a t e  the n e t  h e a t  t r a n s f e r  
t o  t h e  p r o p e l l a n t  t a n k s  comple t e ly  t o  avo id  t h e  n e c e s s i t y  o f  v e n t i n g ,  
t h e  f o l l o w i n g  p rocedures ,  i n  a d d i t i o n  t o  u s i n g  m u l t i l a y e r  i n s u l a t i o n ,  
a r e  r e q u i r e d :  

1. 

2. 

3 .  

4. 

J e t t i s o n i n g  t h e  shroud su r round ing  the p r o p e l l a n t  
t a n k s  so  the p r o p e l l a n t s  can r a d i a t e  t o  t h e  c o l d  
environment o f  space .  

O r i e n t i n g  t h e  vehicle so t h a t  t h e  p r o p e l l a n t  t a n k s  
a r e  shadowed from t h e  sun ( e .g . ,  payload  toward sun) .  

S e p a r a t i n g  t h e  warm and co ld  p r o p e l l a n t  t a n k s  a s  
f a r  a p a r t  a s  p o s s i b l e  and a l s o  p l a c i n g  t h e  payload  
a s  f a r  from the p r o p e l l a n t  t a n k s  a s  p o s s i b l e  i n  
o r d e r  t o  o b t a i n  l ess  r a d i a t i o n  h e a t  t r a n s f e r  t o  the 
p r o p e l l a n t s .  

S e l e c t i n g  a low-conducting s u p p o r t  system t o  sub- 
s t a n t i a l l y  r educe  t h e  h e a t  t r a n s f e r  by conduc t ion  
( e . g . ,  f i b e r g l a s s  i n s t e a d  o f  t i t a n i u m ) .  

The assumpt ions  used  i n  the the rma l  a n a l y s i s  o f  the p ropane - f lox  
k i c k  s t a g e s  were: (1) Tanks were i n s u l a t e d  w i t h  m u l t i l a y e r  i n s u l a t i o n  
h a v i n g  a d e n s i t y  o f  5 pounds p e r  cub ic  f o o t .  To a l l o w  f o r  d e g r a d a t i o n  
a round t a n k  s u p p o r t s  and p e n e t r a t i o n s ,  the  t h e r m a l  c o n d u c t i v i t y  v a l u e s  
r e p o r t e d  by Linde i n  r e f e r e n c e  2 were degraded by a f a c t o r  of  two. 
(2) Payload was o r i e n t e d  toward t h e  sun .  (3) Tanks were suppor t ed  i n  
an open t ru s s  t o  t a k e  advantage  of r a d i a t i o n  t o  the c o l d  environment o f  
s p a c e .  (4) Flox s t o r a g e  t empera tu re  was 156OR. (5) Propane s t o r a g e  
t e m p e r a t u r e  was v a r i e d  from 250 t o  400'R. 
a s  a 10 - foo t  d i ame te r  d i s c  a t  520'R. 

(6) Payload was r e p r e s e n t e d  

I t  shou ld  be no ted  h e r e  t h a t  foam i n s u l a t i o n  was a l s o  used on the 
two o b l a t e  s p h e r o i d  c o n f i g u r a t i o n s  a s  w i l l  be d i s c u s s e d  l a t e r .  

The modes o f  h e a t  t r a n s f e r  cons ide red  were:: (I) r a d i a t i o n  i n t e r -  
change between t h e  payload  and p r o p e l l a n t  t a n k s ,  (2) r a d i a t i o n  i n t e r -  
change between p r o p e l l a n t  t a n k s ,  and (3)  conduc t ion  h e a t  t r a n s f e r  
t h r o u g h  t h e  s u p p o r t s  i n t o  the p r o p e l l a n t  t a n k s .  
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Four Sphere C o n f i g u r a t i o n  

I n  c a l c u l a t i n g  t h e  r a d i a t i o n  i n t e r c h a n g e  from the payload ,  it was 
assumed one f l o x  s p h e r e  was c e n t e r e d  d i r e c t l y  undernea th  t h e  payload  
d i s c .  ( I n  t h e  t h e r m a l  a n a l y s i s ,  one t a n k  i s  c o n s i d e r e d  a t  a l l  t imes.)  
Then, by u t i l i z i n g  I B M  7094 computer programs, the  r a d i a t i o n  c o n f i g u r a -  
t i o n  f a c t o r  between the payload  d i s c  and the f l o x  t a n k  and a r a d i a t i o n  
h e a t  b a l a n c e  were c a l c u l a t e d .  S i m i l a r  p rocedures  were used  f o r  a 
propane  t a n k .  

I n  o r d e r  t o  c a l c u l a t e  t h e  r a d i a t i o n  i n t e r c h a n g e  between t h e  pro-  
p e l l a n t s ,  t h e  t a n k s  were p o s i t i o n e d  a s  shown i n  the  c o n f i g u r a t i o n .  
Using t h e  same programs a s  above, r a d i a t i o n  c o n f i g u r a t i o n  f a c t o r s  
between a propane  s p h e r e  and a f l o x  s p h e r e  were de termined  and a r a d i a -  
t i o n  h e a t  b a l a n c e  was e s t a b l i s h e d .  

C a l c u l a t i o n s  were made t o  de te rmine  the conduc t ion  h e a t  t r a n s f e r  
from t h e  warm payload  down t o  t h e  aluminum s t r u t s ,  t h rough  t h e  f i b e r g l a s s  
t a n k  s u p p o r t s  i n t o  t h e  p r o p e l l a n t s .  I n  making t h e s e  c a l c u l a t i o n s ,  the  
t h e r m a l  c o n d u c t i v i t i e s  co r re spond ing  t o  the mean t e m p e r a t u r e s  o f  t h e  
s t r u t s  and t a n k  s u p p o r t s  were used and no a t t e m p t  was made t o  accoun t  
f o r  t h e r m a l  c o n t a c t  r e s i s t a n c e  a t  any s t r u c t u r a l  j o i n t .  

From t h e  above a n a l y s e s ,  the  r e s u l t s  show t h a t  t h e  n e t  h e a t  t r a n s -  
f e r  t o  the propane was n e g a t i v e  and v e n t i n g  was unnecessa ry  excep t  when 
t h e  propane  s t o r a g e  t e m p e r a t u r e  w a s  below 250OR. However, i n  t h e  c a s e  
o f  t h e  f l o x ,  even though t h e  r a d i a t i o n  h e a t  t r a n s f e r  cou ld  be overcome 
by i n s t a l l i n g  more t h a n  1 .5  i n c h e s  of i n s u l a t i o n ,  the conduc t ion  h e a t  
t r a n s f e r  made t h e  p o s s i b i l i t y  o f  non-venting v e r y  marg ina l .  

Two O b l a t e  Sphero id  C o n f i g u r a t i o n  

I n  c a l c u l a t i n g  the n e t  r a d i a t i o n  h e a t  t r a n s f e r ,  it was assumed 
t h a t  the  t a n k s  were p o s i t i o n e d  a s  shown and r a d i a t i o n  i n t e r c h a n g e  
o c c u r r e d  between t h e  payload  d i s c  and the propane, between the propane  
and f l o x ,  and from t h e  bottom h a l f  o f  the  f l o x  t a n k  t o  a OoR envi ron-  
ment. The c a l c u l a t i o n  p r o c e d u r e s  used were t h e  same a s  i n  t h e  f o u r  
s p h e r e  c o n f i g u r a t i o n s .  

For t h i s  c o n f i g u r a t i o n ,  a s  w i t h  t h e  f o u r  s p h e r e  c a s e ,  t e m p e r a t u r e  
ave raged  t h e r m a l  p r o p e r t i e s  were used t o  e s t i m a t e  t h e  conduc t ion  h e a t  
t r a n s f e r  r a t e s  i n t o  the p r o p e l l a n t s .  

The r e s u l t s  o f  the  above a n a l y s e s  i n d i c a t e  t h a t  w i t h  a one-ha l f  
i n c h  t h i c k n e s s  o f  foam i n s u l a t i o n  on b o t h  t a n k s  ( p r i m a r i l y  f o r  ground 
h o l d  c o n s i d e r a t i o n s ) ,  t h i s  c o n f i g u r a t i o n  can be ma in ta ined  i n  a non- 
v e n t e d  c o n d i t i o n  so l o n g  a s  t h e  s t a g e  i s  o r i e n t e d  payload  t o  the sun 
and i s  n o t  s u b j e c t e d  t o  o t h e r  t he rma l  s o u r c e s .  

The r e s u l t i n g  weight  p e n a l t y  of  the above i n s u l a t i o n  is shown i n  
f i g u r e  7 a s  a f u n c t i o n  of  p r o p e l l a n t  we igh t .  
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P r  opuls  i o n  

Engines 

The assumed v a r i a t i o n s  of engine  weight w i t h  eng ine  t h r u s t  a r e  
shown i n  f i g u r e  8. Chamber p r e s s u r e  and n o z z l e  expans ion  r a t i o  were 
n o t  v a r i e d  i n  the s t u d y  s ince  p r e v i o u s  unpubl i shed  in-house  s t u d i e s  
have shown the v a l u e s  i n d i c a t e d  on f i g u r e  8 t o  be  abou t  optimum. 

I n  a r r i v i n g  a t  the eng ine  we igh t s ,  p u r e  r e g e n e r a t i v e  c o o l i n g  was 
assumed f o r  t h e  pump-fed e n g i n e s  and a combination o f  r e g e n e r a t i v e  
p l u s  t r a n s p i r a t i o n  c o o l i n g  f o r  t h e  p r e s s u r e - f e d  eng ines .  

The weight e s t i m a t i o n s  a r e  f o r  t h e  complete eng ine  package i n -  
c l u d i n g  t h e  we igh t s  o f  t h e  eng ine  gimbal and a c t u a t o r  sys tems.  

D e l i v e r e d  s p e c i f i c  impulse  v a l u e s  o f  390 seconds  and 365 seconds  
were used f o r  the  pump-fed and p r e s s u r e - f e d  eng ines ,  r e s p e c t i v e l y .  
These v a l u e s  a r e  based  on the u s e  o f  an o x i d i z e r  composi t ion  o f  70 
p e r c e n t  f l u o r i n e  and 30 p e r c e n t  oxygen and an eng ine  mix tu re  r a t i o  of  
4.5 t o  1. 

P r e s  s u r  i z a t i on 

The use  of  a c o l d  g a s  p r e s s u r i z a t i o n  system was assumed f o r  the 
p r e s s u r i z a t i o n  and e x p u l s i o n  o f  a l l  p r o p e l l a n t  t a n k s .  The he l ium 
i n i t i a l  s t o r a g e  c o n d i t i o n s  were 520'R and 4000 p s i a .  The f i n a l  he l ium 
b o t t l e  p r e s s u r e  was 100  p s i  above the t a n k  o p e r a t i n g  p r e s s u r e .  I n  
c a l c u l a t i n g  the p r e s s u r a n t  r equ i r emen t s ,  t h e  e f fec ts  o f  h e a t  t r a n s f e r  
between t h e  b o t t l e  and t h e  he l ium i n  it, a s  w e l l  a s  t h e  h e a t  t r a n s f e r  
between the p r o p e l l a n t  t a n k s  and t h e  incoming p r e s s u r a n t ,  were i n c l u d e d .  

P r o p e l l a n t  U t i l i z a t i o n  

I t  i s  h i g h l y  u n l i k e l y  t h a t  an a c t i v e  p r o p e l l a n t  u t i l i z a t i o n  sys tem 
would be used  on a s t a g e  of  t h i s  s i z e .  The s m a l l  r e d u c t i o n  i n  j e t t i s o n  
weight would n o t  j u s t i f y  t h e  i n c r e a s e d  complexi ty .  Ra the r ,  a Ca l i -  
b r a t e d  p r o p e l l a n t  sys tem w i t h  a f u e l  b i a s  t o  minimize p r o p e l l a n t  o u t a g e  
seems more r e a l i s t i c .  I n  t h i s  s tudy ,  d e t a i l e d  c a l c u l a t i o n s  i n v o l v i n g  
the many p a r a m e t e r s  t h a t  a f f e c t  p r o p e l l a n t  ou tage  were n o t  made, b u t  
the p r o p e l l a n t  sys tem we igh t  shown on t h e  weight  t a b u l a t i o n s  i n c l u d e s  
a 50-pound we igh t  p e n a l t y  t o  account f o r  t h e  p r o p e l l a n t  ou tage  a s s o c i a t e d  
w i t h  a c a l i b r a t e d  p r o p e l l a n t  system. 

Launch Veh ic l e  

The p r e v i o u s  h i g h  ene rgy  upper s t a g e  s t u d i e s  r e p o r t e d  i n  r e f e r e n c e  
1 i n d i c a t e d  t h a t  f o r  t h e  two mis s ions  of  i n t e r e s t  here (a h i g h  ene rgy  
s o l a r  p robe  and a low energy  p l a n e t  o r b i t e r )  a l aunch  v e h i c l e  o f  the  
S a t u r n  IB-Centaur c l a s s  was d e s i r a b l e .  The re fo re ,  a l l  upper s t a g e  
m i s s i o n  per formance  d a t a  gene ra t ed  i n  t h i s  s t u d y  were based  on t h e  use  
of  the S a t u r n  IB-Centaur. The r e s u l t s  and comparisons would be s imi l a r  
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i f  t h e  T i t a n  I I IC-Centaur  were used. I n  a l l  c a s e s ,  t h e  S a t u r n  I B  
gu idance  sys tem was used t o  gu ide  t h e  f irst  two s t a g e s  of  t h e  v e h i c l e .  
For the s o l a r  p robe  miss ion ,  it w a s  assumed t h a t  the  Centaur guidance  
sys tem was removed and t h a t  guidance f o r  b o t h  Centaur and upper s t a g e  
o p e r a t i o n  was p rov ided  by t h e  upper s t a g e  guidance  system. 
l o n g  c o a s t  p l a n e t a r y  o r b i t e r  miss ion ,  it was assumed t h a t  upper s t a g e  
guidance  would be  p rov ided  by t h e  s p a c e c r a f t  ( i . e . ,  pay load) .  Centaur 
guidance  was r e t a i n e d  t o  p rov ide  guidance  d u r i n g  Centaur o p e r a t i o n .  
F l i g h t  performance r e s e r v e  was provided  i n  b o t h  the S-IVB s t a g e  and 
t h e  Centaur  s t a g e  t o  account  f o r  performance d i s p e r s i o n s .  A 100 n.mi. 
p a r k i n g  o r b i t  was assumed i n  a l l  c a s e s  w i t h  a c o a s t  t ime  of  up t o  30 
minu tes  a l lowed between t h e  two Centaur burn  p e r i o d s .  For mis s ion  
per formance  c a l c u l a t i o n s ,  a weight o f  8900 pounds was assumed f o r  the 
260-inch shroud t h a t  would e n c l o s e  the payload ,  upper s t a g e  and Centaur 
s t a g e  d u r i n g  b o o s t .  I n  a d d i t i o n ,  a weight  o f  390 pounds was assumed 
f o r  the i n t e r s t a g e  between Centaur and t h e  upper s t a g e  and a weight  
o f  740 pounds f o r  t h a t  between Centaur and  the S-IVB. 

For t h e  

STAGE SIZING AND PERFORMANCE 

U t i l i z i n g  t h e  j e t t i s o n  weight and eng ine  weight cu rves  d i s c u s s e d  
p r e v i o u s l y ,  c a l c u l a t i o n s  were made t o  de te rmine  t h e  e f f e c t  o f  s t a g e  
p r o p e l l a n t  l o a d i n g  and t h r u s t  l e v e l  on payload  c a p a b i l i t y .  The r e s u l t s  
f o r  t h e  s o l a r  probe  mis s ion  a r e  p r e s e n t e d  i n  f i g u r e  9. For t h e  pump- 
f e d  s t a g e ,  f igure 9a, a s t a g e  w i t h  8000 t o  9000 pounds of  p r o p e l l a n t  
and an  e n g i n e  t h r u s t  l e v e l  o f  10,000 pounds i s  nea r  optimum. For the 
p r e s s u r e - f e d  s t a g e ,  f i g u r e  9b, a p r o p e l l a n t  we igh t  o f  4000 t o  5000 
pounds w i t h  a t h r u s t  l e v e l  o f  5000 pounds a p p e a r s  a t t r a c t i v e .  

The s o l a r  p robe  payload  c a p a b i l i t y  o f  s t a g e s  u t i l i z i n g  propane- 
f l o x  i s  compared, i n  f i g u r e  10 ,  t o  t h a t  o b t a i n a b l e  u s i n g  o t h e r  p r o p e l l a n t  
combina t ions .  The performance d a t a  p r e s e n t e d  here and i n  subsequent  
f igures  f o r  t h e  e a r t h  s t o r a b l e  s t a g e  and the hydrogen-fueled s t a g e s  
a r e  b a s e d  on the work r e p o r t e d  i n  r e f e r e n c e  1 w i t h  some m o d i f i c a t i o n s  
of the s t a g e  weights t o  r e f l ec t  r e c e n t  d e s i g n  e f f o r t  and t o  make the 
performance ground r u l e s  c o n s i s t e n t  w i t h  t h o s e  f o r  t h e  p ropane - f lox  
s t a g e s .  A s  would be expec ted  on a s h o r t  c o a s t  mi s s ion ,  the per formance  
w i t h  p ropane - f lox  i s  be t t e r  t h a n  t h a t  of  e a r t h  s t o r a b l e s  and p o o r e r  
t h a n  t h a t  o f  the  deep c ryogen ics .  I t  i s  i n t e r e s t i n g  t o  no te ,  however, 
the  s u b s t a n t i a l  performance advantage  o f  t h e  pump-fed propane- f lox  
s t a g e  o v e r  t h a t  of t h e  p r e s s u r e - f e d  s t a g e .  The pump-fed performance 
advan tage  i s  due t o  a combination of  lower s t a g e  j e t t i s o n  weight and 
h i g h e r  e n g i n e  s p e c i f i c  impulse.  A t  a p r o p e l l a n t  weight of  3500 pounds, 
a b o u t  70 p e r c e n t  of the advantage  is due t o  the  higher eng ine  s p e c i f i c  
impu l se  (390 pump-fed v e r s u s  365 p r e s s u r e - f e d ) ,  w h i l e  a t  a p r o p e l l a n t  
weight of 9000 pounds, o n l y  40 p e r c e n t  o f  t h e  payload  d i f f e r e n c e  i s  due 
t o  t he  h i g h e r  s p e c i f i c  impulse.  A t  the  p r e s e n t  t i m e ,  i n s u f f i c i e n t  
e x p e r i m e n t a l  d a t a  e x i s t s  t o  p r e c i s e l y  p r e d i c t  the s p e c i f i c  impulse  
e f f i c i e n c i e s  t o  e x p e c t  from propane- f lox  e n g i n e s .  From the above comments, 
however, it i s  e v i d e n t  t h a t  even w i t h  s u b s t a n t i a l  v a r i a t i o n  i n  t h e  
assumed s p e c i f i c  impulse  l e v e l s ,  t h e  pump-fed s t a g e  would outper form 
t h e  p r e s s u r e - f e d  s t a g e .  
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The ef fec ts  o f  b o t h  s t a g e  s i z e  and t h r u s t  l eve l  f o r  a low energy, 
l o n g  s t o r a g e  t i m e  mi s s ion ,  such  a s  a Mars o r b i t e r ,  a r e  s m a l l e r  t h a n  f o r  
t h e  s o l a r  p robe  miss ion .  For  example, the Voyager d e s i g n  s t u d i e s  
i n d i c a t e  an  optimum v e h i c l e  t h r u d w e i g h t  r a t i o  of  less  t h a n  0 .20 .  
However, i f  one assumes ( a s  w a s  done f o r  t h e  c ryogen ic  s t a g e s  i n  
r e f e r e n c e  1) t h a t  a p ropane - f lox  s t a g e  would s e r v e  a s  a mul t ipu rpose  
s t a g e ,  t h e n  a t h r u s t  l e v e l  more c o n s i s t e n t  w i t h  t h e  s o l a r  probe  r e q u i r e -  
ments would appear  d e s i r a b l e .  Therefore ,  the payload  d a t a  f o r  a p l a n e t  
o r b i t e r  mi s s ion  a s  p r e s e n t e d  i n  f i g u r e  11 and f i g u r e  1 2  f o r  pump-fed 
p ropane - f lox  s t a g e s  a r e  based  on an eng ine  t h r u s t  l e v e l  o f  10,000 pounds. 
Also,  a s  was p o i n t e d  o u t  e a r l i e r ,  f o r  t h e  l o n g  c o a s t  mi s s ion ,  t h e  upper 
s t a g e  guidance  sys tem was removed and guidance  p rov ided  by the payload .  
However, due t o  t h e  longe r  c o a s t  t i m e  i nvo lved ,  a d d i t i o n a l  a t t i t u d e  
c o n t r o l  p r o p e l l a n t  i s  r e q u i r e d .  I n  a d d i t i o n ,  a s  w i t h  t h e  deep cryo- 
g e n i c  s t a g e s  o f  r e f e r e n c e  1, a monopropellant midcourse c o r r e c t i o n  
p r o p u l s i o n  sys tem was added t o  t h e  s t a g e .  T h i s  p e r m i t s  the p r imary  
p r o p u l s i o n  sys tem t o  remain s e a l e d  d u r i n g  t h e  l o n g  c o a s t  t o  Mars. A 
midcourse c o r r e c t i o n  c a p a b i l i t y  of 150 f e e t  p e r  second was p rov ided  
u t i l i z i n g  a h y d r a z i n e  monopropellant system w i t h  a s p e c i f i c  impulse o f  
240 seconds .  The n e t  e f f e c t  of t h e s e  changes was t h a t  t h e  s t a g e  j e t t i -  
son  weight  i n c r e a s e d  248 pounds i n  g o i n g  from the s o l a r  p robe  mis s ion  
t o  the p l a n e t a r y  o r b i t e r  mi s s ion .  

The e f f e c t  o f  s t a g e  s i z e  on payload c a p a b i l i t y  f o r  a Mars o r b i t e r  
m i s s i o n  i s  p r e s e n t e d  i n  f i g u r e  11 f o r  b o t h  a pump-fed p ropane - f lox  
s t a g e  and a pump-fed hydrogen-oxygen s t a g e .  Payload c a p a b i l i t y  is 
shown v e r s u s  s t a g e  p r o p e l l a n t  c a p a c i t y  f o r  two Mars o r b i t s ,  c i r c u l a r ,  
f i g u r e  l l a ,  and h i g h l y  e l l i p t i c ,  f i g u r e  l l b ,  and f o r  two payload  
s i t u a t i o n s ,  a l l  payload  i n t o  o r b i t  o r  h a l f  i n t o  o r b i t  and h a l f  i n t o  a 
l a n d i n g  c a p s u l e  t h a t  i s  e j e c t e d  p r i o r  t o  r e t r o  i n t o  the Mar t i an  o r b i t .  
The symbols i n d i c a t e  t h e  d i s c r e t e  p r o p e l l a n t  we igh t s  r e q u i r e d  t o  
accompl i sh  t h e  mis s ion  based  on an e a r t h  i n j e c t i o n  weight  of 10,500 
pounds. The c u r v e s  p r e s e n t  performance f o r  s t a g e s  w i t h  a l a r g e r  pro- 
p e l l a n t  c a p a c i t y ,  b u t  o f f - l o a d e d  t o  t h e  r e q u i r e d  p r o p e l l a n t  we igh t .  
The i n s e n s i t i v i t y  o f  payload  t o  s t a g e  s i z e  i s  e v i d e n t  from the  f l a t n e s s  
of the  c u r v e s .  

The hydrogen-oxygen d a t a  were g e n e r a t e d  assuming hydrogen v e n t i n g  
c o u l d  occur  whenever r e q u i r e d  w i t h  no weight  p e n a l t y  a s s o c i a t e d  w i t h  
s e t t l i n g  p r o p e l l a n t s  p r i o r  t o  each v e n t .  If a s u b s t a n t i a l  weight p e n a l t y  
were r e q u i r e d  i n  o r d e r  t o  i n s u r e  an adequa te  v e n t i n g  c a p a b i l i t y ,  t h e n  
t h e  hydrogen-oxygen payload  l e v e l s  shown i n  f i g u r e  1 1 w o u l d  be reduced  
a c c o r d i n g l y .  On t h e  o t h e r  hand, t h e  hydrogen-oxygen s t a g e  was con- 
s t r a i n e d  t o  use  the RL-10 eng ine .  A s i m i l a r  c o n s t r a i n t  on the propane- 
f l o x  s t a g e  would r e d u c e  t h e  payload l e v e l s  shown i n  f i g u r e  11 f o r  
p r o p a n e - f l o x  by about  175  pounds, s u b s t a n t i a l l y  r e d u c i n g  t h e  performance 
marg ins  shown i n  f i g u r e  11. 

For t h i s  same Mars o r b i t e r  miss ion ,  a comparison o f  t h e  payload  
c a p a b i l i t y  o b t a i n a b l e  w i t h  a pump-fed propane- f lox  s t a g e  t o  t h a t  
o b t a i n a b l e  u s i n g  e i t h e r  a pump-fed hydrogen-oxygen s t a g e  o r  a p r e s s u r e -  
f ed ,  p a y l o a d  i n t e g r a t e d  s t o r a b l e  s t a g e  i s  p r e s e n t e d  i n  f i g u r e  1 2 .  
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Payload i s  p l o t t e d  v e r s u s  apofocus  a l t i t u d e  f o r  a c o n s t a n t  p e r i f o c u s  
a l t i t u d e  of  1000 n.mi. The c u r v e s  f o r  t h e  s t o r a b l e  s t a g e  were 
g e n e r a t e d  by r e s i z i n g  t h e  s t a g e  t o  c a r r y  j u s t  the  r i g h t  amount o f  
p r o p e l l a n t  t o  accompl ish  t h e  miss ion .  The cu rves  f o r  t h e  hydrogen- 
oxygen and propane- f lox  s t a g e s  were g e n e r a t e d  assuming s t a g e  s i z e s  o f  
7000 and 9000 pounds, r e s p e c t i v e l y ,  o f f - l o a d e d  t o  t h e  p r o p e r  p r o p e l l a n t  
we igh t s .  

The p ropane - f lox  s t a g e  e x h i b i t s  a 5 t o  8 p e r c e n t  g r e a t e r  payload  
c a p a b i l i t y  t h a n  the hydrogen-oxygen s t a g e  depending upon t h e  apofocus  
a l t i t u d e  and p e r c e n t  payload  i n  o r b i t .  For  h i g h l y  e l l i p t i c  o r b i t s  
(20,000 n.mi. apofocus) ,  t h e  propane- f lox  margin over  t h e  e a r t h  
s t o r a b l e  i s  s l i g h t ,  0 t o  5 p e r c e n t .  For  t h e  more e n e r g e t i c ,  c f r c u l a r  
o r b i t  c a s e  (1000 n.mi. apofocus) ,  t h i s  margin i n c r e a s e s  t o  8 t o  1 6  
p e r c e n t .  These modest performance margins  ove r  e a r t h  s t o r a b l e s  a r e  
t h e  r e s u l t  o f  the low AV r equ i r emen t s  f o r  r e t r o  i n t o  a Mars o r b i t .  
I n  f igure 1 2 ,  the AV f o r  the r e t r o  maneuver v a r i e d  from 4500 f ee t  p e r  
second t o  7600 f e e t  p e r  second. 

CONCLUDING REMARKS 

An a n a l y s i s  was conducted t o  de te rmine  t h e  space  s t o r a b i l i t y  and 
payload  c a p a b i l i t y  of  s m a l l  p ropane- f lox  upper s t a g e s  f o r  u s e  on NASA 
unmanned mis s ions .  Both pump-fed and p r e s s u r e - f e d  s t a g e s  were i n v e s t i -  
g a t e d .  Two mis s ion  t y p e s  were cons ide red :  (1) a h i g h  energy ,  s h o r t  
c o a s t  mi s s ion  ( s o l a r  p r o b e ) ,  and (2) a low energy ,  l o n g  c o a s t  mi s s ion  
( p l a n e t a r y  o r b i t e r ) .  

Cons ide r ing  t h e  s h o r t  c o a s t ,  h i g h  energy  mis s ion  f irst ,  t h e  
r e s u l t s  i n d i c a t e  t h a t  p r e s s u r e - f e d  p ropane - f lox  s t a g e s  a r e  n o t  a t t r a c -  
t i v e  f o r  t h i s  t y p e  miss ion .  The pump-fed s t a g e s  f a r  ou tpe r fo rm them. 
I n  a d d i t i o n ,  a pump-fed propane- f lox  s t a g e  i n c o r p o r a t i n g  a new eng ine  
p r o p e r l y  s i z e d  f o r  t h e  h i g h  energy  m i s s i o n  does  n o t  per form a s  w e l l  
a s  c r y o g e n i c  s t a g e s  c o n s t r a i n e d  t o  u s e  t h e  RL-10 eng ine .  The propane- 
f l o x  per formance  approaches  t h a t  o f  t h e  hydrogen-oxygen s t a g e ,  b u t  
f a l l s  c o n s i d e r a b l y  s h o r t  o f  t h a t  of t h e  hydrogen- f luo r ine  s t a g e .  
Going t o  new e n g i n e s  on t h e  c ryogen ic  s t a g e s  o r  c o n s t r a i n i n g  t h e  propane- 
f l o x  s t a g e  t o  use  an RL-10 d e r i v a t i v e  would i n c r e a s e  the performance gap. 

C o n s i d e r i n g  t h e  l o n g  c o a s t  miss ion ,  the r e s u l t s  i n d i c a t e  it i s  
p o s s i b l e  t o  d e s i g n  a propane- f lox  s t a g e  h a v i n g  a long  space  s t o r a g e  (no 
v e n t )  c a p a b i l i t y .  To accompl ish  t h i s  r e q u i r e s  p rope r  s e l e c t i o n  o f  
s t a g e  c o n f i g u r a t i o n ,  v e h i c l e  o r i e n t a t i o n ,  p r o p e l l a n t  s t o r a g e  tempera- 
t u r e s  and i n s u l a t i o n  ( m u l t i l a y e r  and foam o n l y ;  shadow s h i e l d s  o r  
r e f r i g e r a t i o n  d e v i c e s  were n o t  cons ide red  i n  t h e  s t u d y ) .  The r e s u l t i n g  
per formance  p o t e n t i a l ,  however, does n o t  appear  t o  be  s i g n i f i c a n t l y  
b e t t e r  t h a n  t h a t  o b t a i n a b l e  w i t h  p r e s e n t l y  e x i s t i n g  s t o r a b l e  p r o p e l l a n t s ;  
a t  l e a s t  n o t  f o r  a low energy  Mars o r b i t e r  t y p e  mis s ion .  If z e r o  g 
v e n t i n g  o f  c r y o g e n i c s  p roves  d i f f i c u l t  o r  h a s  l a r g e  weight p e n a l t i e s  
a s s o c i a t e d  w i t h  it, t h e n  f o r  high energy ,  l o n g  s t o r a g e  m i s s i o n s  a 
p r o p a n e - f l o x  s t a g e  may be d e s i r a b l e .  
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While t h i s  a n a l y s i s  was concerned with t h e  s p a c e  s t o r a b i l i t y  o f  
t h e  p ropane - f lox  p r o p e l l a n t  combination, t h e  r e s u l t s  should  be a p p l i -  
c a b l e ,  e s s e n t i a l l y  unchanged, f o r  the bu tene  l - f l o x  combination. For 
methane-flox, however, t h e  methane would have  t o  be s t o r e d  a t  about  
250'R i n  o r d e r  f o r  t h e  r a d i a t i o n  h e a t  t r a n s f e r  from t h e  t a n k  t o  e q u a l  
t h e  t o t a l . h e a t  t r a n s f e r  i n t o  t h e  t ank .  The co r re spond ing  vapor  p r e s s u r e  
of  t h e  l i q u i d  a t  t h i s  t empera tu re  i s  abou t  75 p s i a  and t h i s ,  p l u s  the 
dec reased  l i q u i d  d e n s i t y ,  would impose a s t a g e  p e n a l t y  i n  t h e  form o f  
i n c r e a s e d  t ankage  and p r e s s u r i z a t i o n  sys tem we igh t .  
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TABLE I 

Weight Summary f o r  a 6000-Pound Propane- Flox 

Kick S t a g e ,  Pump-Fed Engine 

Four Sphere Conf igu ra t ion  

P r e s s u r i z a t i o n  

He Tank 

H e l i u m  
Hardwar e 

Prop ul s i o n  

Engine 

F u e l  Tank 

Oxidant  Tank 

I n s u l a t i o n  

Prop .  System 

S t r u c t u r e  

Guidance and A u t o p i l o t  

E l e c t r i c a l  

A t t i t u d e  C o n t r o l  

S e p a r a t i o n  

Te leme t ry  

Range S a f e t y  

Res idua  Is 
Cont ingency  

Burnout  Weight 

Impulse  Prop e l l a n t  

S t a g e  T o t a l  Weight 

S t a g e  Mass F r a c t i o n  

64 

39 

5 

20 

460 

1 7  5 

35 

87 

53 

110 

250 

1s 0 

105  

50 

22 

85 

1 5  

60 

13 8 

1399 

6000 

7400 

0.810 



TABLE I1 

S t r u c t u r a l  Weight Summary fo r  a 6000-Pound Propane-Flox 

Kick S t a g e ,  Pump-Fed Engine 

Four Sphere C o n f i g u r a t i o n  

S t r u c t u r e  

Payload Suppor t  S t r u c t u r e  25  

Cruciform Beam 87 

Cruciform Beam Ring  54 

P r o p e l l a n t  Tank S u p p o r t s  44 

P r o p e l l a n t  Tank B r a c k e t s  14  
Helium B o t t l e  Suppor t  7 

Engine Truss 1 9  

250 



TABLE I11 

Weight Summary f o r  a 6000-Pound Propane-Flox 

Kick S t a g e ,  Pump-Fed Engine 

Two O b l a t e  Spheroid C o n f i g u r a t i o n  

P r e  s s u r  i z a  t i o n  

He Tank 

H e l i u m  
Hardware 

P r o p u l s i o n  

Engine 

F u e l  Tank 

Oxidant Tank 

I n s u l a t i o n  

Prop. System 

S tr uc t u r  e 
Guidance and A u t o p i l o t  

E lec t r i  ca 1 
A t t i t u d e  C o n t r o l  

S e p a r a t i o n  

Te  leme t r y 

Range S a f e t y  

Res idua  Is 
Contingency 

B u r n  o u t  We i gh t 
I mpuls e Prop e l l a n  t 
S t a g e  T o t a l  Weight 

S t a g e  Mass F r a c t i o n  

64 

39 

5 

20 

40 6 

1 7  5 

3 1  

7 1  

19 

110 

229 

150 

105 

50 

22 

85 

15  

60 

1 3  1 

1 3  17 

6000 

7317 

0.820 



TABLE I V  

Weight Summary f o r  a 6000-Pound Propane-Flox 

Kick Stage ,  Pump-Fed Engine 

Two Obla t e  Spheroid C o n f i g u r a t i o n  

S t r u c t u r e  

Forward Ring 28 

A f t  Ring 33 

S t r u t s  56 

P r o p e l l a n t  Tanks Support  26 

Engine Thrus t  Cone 74  

Helium Tank Suppor t  1 2  

229 
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F igure 1. - Pump fed propane-flox stage,  four sphere configuration. 
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Figure 4. - Pump-fed propane-flox stage, two ob la t e  spheroid confi  
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